Heme is an essential requirement for cell survival. Heme oxygenase (HO) is the rate-limiting enzyme in heme catabolism and consists of two isozymes, HO-1 and HO-2. To identify the protein that regulates the expression or function of HO-1 or HO-2, we searched for proteins that interact with both isozymes, using protein microarrays. We thus identified 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 4 (PFKFB4) that synthesizes or degrades fructose-2,6-bisphosphate, a key activator of glycolysis, depending on cellular microenvironments. Importantly, HO-2 and PFKFB4 are predominantly expressed in haploid spermatids. Here, we show a drastic reduction in expression levels of PFKFB4 mRNA and protein and HO-2 mRNA in HepG2 human hepatoma cells in responses to glucose deprivation (≤ 2.5 mM), which occurred concurrently with remarkable induction of HO-1 mRNA and protein. Knockdown of HO-2 expression in HepG2 cells, using small interfering RNA, caused PFKFB4 mRNA levels to decrease with a concurrent increase in HO-1 expression. Thus, in HepG2 cells, HO-1 expression was increased, when expression levels of HO-2 and PFKFB4 mRNAs were decreased. Conversely, overexpression of HO-2 in HepG2 cells caused the level of co-expressed PFKFB4 protein to increase. These results suggest a potential regulatory role for HO-2 in ensuring PFKFB4 expression. Moreover, in D407 human retinal pigment epithelial cells, glucose deprivation decreased the expression levels of PFKFB4, HO-1, and HO-2 mRNAs. Thus, glucose deprivation consistently down-regulated the expression of PFKFB4 and HO-2 mRNAs in both HepG2 cells and RPE cells. We therefore postulate that PFKFB4 and HO-2 are expressed in a coordinated manner to maintain glucose homeostasis.
the heme regulatory motifs, each containing a Cys-Pro dipeptide (McCoubrey et al. 1997) . It is therefore conceivable that HO-2 may possess a hitherto unknown function in regulating cellular homeostasis. Moreover, the expression level of HO-2 is maintained in narrow ranges in various human cell types Shibahara et al. 2007; Li et al. 2008) , the property of which may be suitable for its regulatory roles. In contrast, expression of HO-1 is induced (Takeda et al. 1994; Takahashi et al. 1996; Nakayama et al. 2000) or reduced under various conditions (Takahashi et al. 1999; Kitamuro et al. 2003; UdonoFujimori et al. 2004; Shibahara et al. 2007 ). Moreover, the human HO-1 gene is under the transcriptional regulation that may vary depending on the lengths of GT repeats located in its promoter region (Okinaga et al. 1996; Kimpara et al. 1997; Yamada et al. 2000; Shibahara 2003) ; namely, the length polymorphism of the GT repeats may influence the expression level of the HO-1 gene (Hirai et al. 2003) , which may account in part for the inter-individual difference.
HO-2-deficient mice (HO-2 −/− mice) are fertile and show relatively mild phenotypes (Poss et al. 1995) , compared to the critical conditions of HO-1-deficient mice (Poss and Tonegawa 1997) . −/− mice are characterized by the attenuated hypoxic ventilatory responses with normal hypercapnic ventilatory responses (Adachi et al. 2004) . We have recently reported that the expression level of HO-1 protein is lower by 35% in the HO-2 −/− mouse liver compared to that in wild-type mouse liver (Han et al. 2010) , whereas it was higher in the testis and heart of the HO-2 −/− mouse (Han et al. 2009 ). In addition, other investigators reported that the HO-1 protein level was lower by 40% in the HO-2 −/− mouse kidney (Sodhi et al. 2009 ). The decrease in the expression levels of HO-1 protein in the liver and kidney of HO-2 −/− mouse is of particular interest, because these two organs are characterized by their capability to release glucose to the systemic circulation, the activity of which is enhanced in diabetic patients (Meyer et al. 1998) . In fact, HO-2 −/− mice exhibit hyperglycemia and insulin resistance (Sodhi et al. 2009 ), thereby suggesting that HO-2 deficiency may disturb the balance between glycolysis and gluconeogenesis. It is therefore conceivable that HO-2 may possess hitherto unknown functions in oxygen sensing and glucose homeostasis.
In the present study, using protein microarrays, we identified several candidate proteins that may interact with both HO-1 and HO-2 and presumably are involved in regulating the function of HO-1 and/or HO-2. Among these potential binding proteins, we are interested in 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 4 (PFKFB4), because PFKFB4 is a bifunctional enzyme that synthesizes or degrades fructose-2,6-bisphosphate, a key activator of glycolysis (Okar et al. 2001) . Among the four PFKFB isozymes that have been reported, PFKFB4 exhibits a relatively high kinase/phosphatase activity ratio (Sakata et al. 1991) . Recently, PFKFB4 has been shown to ensure the survival of prostate cancer cells (Ros et al. 2012) , glioblastoma (Goidts et al. 2012) , and hepatocellular carcinoma cells (Jeon et al. 2011) . In this context, our group reported higher expression levels of HO-1 and HO-2 mRNAs in glioma specimens, including anaplastic astrocytoma and glioblastoma multiforme, compared to the normal brain tissue . The high expression levels of HO-1 and HO-2 may lead to the supply of sufficient amounts of iron, an essential requirement for cell proliferation, along with bilirubin, a potent radical scavenger (Shibahara 2003) . These heme degradation products are beneficial for cell proliferation or survival of glioblastoma cells.
Here, we provide several lines of evidence for the coordinated expression of PFKFB4 and HO-2, utilizing HO-2 −/− mice and human cell lines with distinctive metabolic and physiologic properties.
Materials and Methods

Preparation of recombinant HO-1 and HO-2 proteins
The HO-1 cDNA segment (position 81-878) and the HO-2 cDNA segment (position 85-939), each carrying the protein-coding region without the C-terminal hydrophobic trans-membrane domain (TMD), were amplified by PCR from human HO-1 cDNA pHHO1 (Yoshida et al. 1988 ) (GenBank accession number X06985) and human HO-2 cDNA (Shibahara et al. 1993 ) (GenBank accession number X002134), respectively. Each of the amplified fragments was subcloned into a prokaryote expression vector, pIVEX 2.4d (Roche, Diagnostics), yielding pIVEX-HO-1 and pIVEX-HO-2. The validity of every construct used in the present study was confirmed by DNA sequencing. The pIVEX constructs were used for in vitro translation system derived from Escherichia (E.) coli (Rapid Translation System 500 E. coli HY Kit, Roche). The HO-1 and HO-2 proteins, lacking the C-terminal TMD, were produced as hexa-histidine tagged proteins from pIVEX-HO-1 and pIVEX-HO-2, respectively. The produced HO-1 and HO-2 proteins were purified with immobilized Ni 2+ beads. The proteins were bound to nickel resin with binding buffer, which contained 5 mM imidazole, 0.5 M NaCl, and 20 mM Tris-HCl pH7.9. The contaminated proteins were removed with washing buffer that contained 30 mM imidazole. HO-1 and HO-2 proteins were eluted with elution buffer containing 1 M imidazole. After dialysis against PBS, the purified HO-1 and HO-2 proteins were concentrated with centricon centrifugal filter (Millipore) at 7,000 × g for 2 h.
Protein microarrays
ProtoArray™ Human Protein Microarray PPI Kits (Invitrogen, Carlsbad, California) were used following the manufacture's protocol. The protein microarrays contain a total of ~1,900 species of purified tagged proteins. Every human protein was produced as a fusion protein containing glutathione-S-transferase at its N-terminal and was fixed in duplicate on a nitrocellulose-coated glass slide (the microarray). The purified 6xHis-tagged HO-1 or HO-2 protein was biotinylated as a probe, each of which was then incubated with the protein microarray. The slides were blocked in 1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) containing 0.1% Tween-20 on ice for 1 h at cold room. The biotinylated HO-1 or HO-2 protein was diluted with 120 µl probing buffer (50 µg/ml) and loaded on the slides. The slide was covered with a HybriSlip™ Cover Slip (Invitrogen). The slides were then placed in a 50-ml conical tube and incubated for 1.5 h at 4°C. Afterwards, the slides were washed with probing buffer and incubated with Streptavidin-Alexa Fluor 647 Conjugate on ice in the dark room for 30 min. After washing and drying, the slides were scanned with a fluorescence microarray scanner, GenePix Pro 4.0 (Axon Instruments, Inc.).
Co-immunoprecipitation of HO-1 or HO-2 with PFKFB4 protein
The full-length HO-1 or HO-2 cDNA was ligated to pUB6/ V5-His mammalian expression vector (Invitrogen, Carlsbad, CA), yielding pUB6-HO-1 or pUB6-HO-2. The expression vector, pMyc-PFKFB4, for the entire PFKFB4 protein fused with Myc-tag at the C-terminus was constructed as follows. The PCR-amplified PFKFB4 cDNA fragment carrying the HindIII site at its 5′-end and the SalI site at its 3′-end was cloned between the HindIII and SalI sites of pMyc-N1 (Yasumoto et al. 2002) , yielding pMyc-PFKFB4. The expression vector pMyc-N1 was constructed by replacing the enhanced green fluorescent protein (EGFP) cDNA of pEGFP-N1 (clontech) with a c-Myc-tag (GAG CAG AAA CTC ATC TCA GGG GAG GAT CTG TAG); namely, pMyc-N1 carries the c-Myc tag between the NcoI site and the NotI site downstream from the Cytomegalovirus (CMV) promoter (Yasumoto et al. 2002) . The validity of each construct was confirmed by DNA sequencing.
COS7 monkey kidney cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM), supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/ml penicillin and 0.1 mg/ ml streptomycin), and transfected with pUB6-HO-1 or pUB6-HO-2, and pMyc-PFKFB4. After 48 h, cells were lysed with 50 mM TrisHCl pH7.5, 150 mM NaCl, 1% NP-40, 1 mM EDTA and 1% protease inhibitor cocktail, and the lysates were incubated with Protein G Sepharose at 4°C with gentle rotation for 2 h and centrifuged. The lysis buffer used did not contain a phosphatase inhibitor, because at this stage, we did not intend to measure the phosphorylated PFKFB4. The supernatant was transferred to a new tube mixed with anti-V5 antibody and protein G Sepharose and rotated at 4°C overnight. The protein G Sepharose was then washed by the lysis buffer and eluted with 0.1 M glycine-HCl buffer, pH3.5. Proteins were analyzed on a 12% SDS-PAGE, and detected with anti-Myc antibody (Santa Cruz CA, USA) and anti-V5 antibody (Invitrogen). Immunoreactive proteins were detected with a Western blot kit (Millipore Corporation).
Pull-down assay
The HO-1 cDNA segment (position 81-878) and the HO-2 cDNA segment (position 85-939), each carrying the protein-coding region without the C-terminal TMD, were cloned into a prokaryote expression vector, pET-28a (Novagen, Darmstadt, Germany), yielding pET-28a-HO-1 and pET-28a-HO-2, respectively. The expression vector for the entire PFKFB4 protein fused with hemagglutinin (HA)-tag at the C-terminus was constructed as pHA-PFKFB4. E. coli BL21 (DE3) cells (Invitrogen) were transformed with pET-28a-HO-1, pET-28a-HO-2 or pET-28a (as a negative control) for generation of hexa-histidine tagged HO-1 or HO-2 protein. The transformed BL21 (DE3) cells were sonicated, and centrifuged. Then, the supernatant was mixed with Ni 2+ resin (Qiagen, Valencia, CA) at 4°C with gently rotating for 2 h. Thereafter the Ni 2+ resin was washed, incubated with the whole cell extracts of COS7 cells transfected with pHA-PFKFB4, and washed again. After that, the hexa-histidine tagged HO-1 or HO-2 was eluted with elution buffer, and subjected to the western blot analysis with anti-HA antibody (Sigma-Aldrich, St. Louis, MO, USA) or anti-His-tag antibody (Santa Cruz CA, USA).
Animal experiments
Animal experiments were performed according to the institutionally approved protocol of Fukushima Medical University and that of Tohoku University School of Medicine. HO-2 −/− mice with C57BL/6J × 129/Sv mixed genetic background were generated as previously described (Poss et al. 1995; Adachi et al. 2004 ) and maintained in Fukushima Medical University. Body weight and the testis weight were measured in male HO-2 −/− mice (12 weeks old) and male age-matched wild-type C57BL/6J mice. Tissue extracts were prepared from the testis and liver of HO-2 −/− mice (10 weeks old) and age-matched wild-type mice, as described previously (Han et al. 2009 (Han et al. , 2010 .
Effects of glucose deprivation
HepG2 human hepatoma cells and D407 human retinal pigment epithelial (RPE) cells (Davis et al. 1995) were maintained in Dulbecco's Modified Eagle's Medium (DMEM) containing high glucose (25 mM), supplemented with 10% FBS and antibiotics (100 U/ ml penicillin and 0.1 mg/ml streptomycin). ARPE-19 cells (Dunn et al. 1996) were obtained from Leonard M. Hjelmeland (University of California, Davis, CA, USA). ARPE-19 cells were cultured in a 1:1 mixture of DMEM and Ham's F12, supplemented with 10% FBS and antibiotics. Glucose-free DMEM was supplemented with 1% FBS and antibiotics. Cells were cultured in 10-cm dishes to 70-80% confluence, rinsed two times with PBS, and then incubated for 12 h in DMEM with glucose concentration from 0 to 25 mM. It should be noted that each culture medium contained a small amount of glucose derived from 1% FBS (~ 0.05 mM glucose).
Northern blot analysis was performed with the DIG Northern Starter Kit (Roche Diagnostics Japan). The HO-1 and HO-2 RNA probes were prepared, as described previously . For preparation of PFKFB4 RNA probe, the human PFKFB4 cDNA of positions 450-1430 (GenBank accession number NM 004567) was amplified by PCR, and then cloned into pGEM-Teasy vector (Promega, Madison, WI), named pGEM-PFKFB4. The cDNA segment for non-specific 5-aminolevulinate synthase (ALAS-N) was amplified by PCR from human placenta cDNA (forward primer: CTCAGCGCAGTCTTTCCACAGG and reverse primer: TAATTC ACATATAAAGACAACTC) and cloned into pGEM-Teasy, named pGEM-Teasy-ALAS-N. SP6 RNA polymerase was used for transcription of each RNA probe.
Western blot analysis for HO-1 protein was performed, as detailed previously Ding et al. 2006) . The antibodies used were anti-HO-1 antibody (Shibahara et al. 1993 ) at a dilution of 1:1,000 and anti-β-actin antibody (Sigma-Aldrich, St. Louis, MO) at a dilution of 1:5,000. For detection of HO-2 protein, the blot was incubated overnight at 4°C with HO-2 antibody (Stressgen, Victoria, BC, Canada) at a dilution of 1:2,000.
Knockdown of HO mRNA expression
The small interfering RNA (siRNA) against HO-2 mRNA (target base 248-272), named siHO-2, and scrambled HO-2 siRNA (negative control) were used, as described previously . Likewise, a specific siRNA against HO-1, siHO-1 (Miralem et al. 2005) , and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) siRNA, siGAPDH (a control for siRNA treatment), were used ). HepG2 cells were cultured in 6-well plates in DMEM containing high glucose (25 mM), supplemented with 10% FBS, and were treated with each siRNA (6 pmoles) and Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA) according to a manufacturer's protocol. HepG2 cells were also treated with Lipofectamine RNAiMAX alone as a control. After 36 h, the cells were harvested for RNA extraction.
Transient co-expression of HO-1 or HO-2 with PFKFB4
The full-length HO-1 cDNA was cloned in the expression vector pRc/CMV (Invitrogen, Carlsbad, CA), yielding pRc/CMV-HO-1 ). The entire protein-coding region of HO-2 was amplified by PCR and inserted into the expression vector pcDNA3 (Invitrogen), yielding pcDNA3-HO-2. The expression vector pMyc-PFKFB4 codes for human PFKFB4 fused with the c-Myc tag at the C-terminus, as described above. Accordingly, every expression vec-tor used in co-transfection assays carries each cDNA under the control of the CMV promoter.
HepG2 cells in a 6-cm culture dish were transfected with pRc/ CMV-HO-1, pcDNA3-HO-2, or pcDNA3 (empty vector), together with pMyc-PFKFB4 or vector DNA using FuGENE HD (Roche, Mannheim, Germany), and incubated for 48 h. The amount of DNA used was 2.5 µg for each plasmid. Cell lysates were prepared and were subjected to the Western blot analysis (20 μg protein per lane), as described previously . The antibody preparations used were anti-HO-1 antibody, anti-HO-2 antibody, anti-PFKFB4 antibody (ABGENT, San Diego, CA), anti-neomycin phosphotransferase-II antibody (Upstate, Temecula, CA), and anti-β-actin antibody. Anti-neomycin phosphotransferase-II antibody was used for evaluating a transfection efficiency, because neomycin phosphotransferase II gene was expressed under the control of SV40 promoter. The neomycin phosphotransferase II gene with the SV40 promoter is present in all expression vectors (HO and PFKFB4 expression vectors used for transfection).
HeLa human cervical cancer cells were cultured in Minimum Essential Medium Eagle, supplemented with 10% FBS and antibiotics. HeLa cells, ~90% confluent in a 15-cm culture dish, were transfected with pRc/CMV-HO-1, pcDNA3-HO-2, or pcDNA3 (empty vector), together with pMyc-PFKFB4 or vector DNA using FuGENE HD for 24 h and harvested. Transfected cells were used for western blot analysis (10% of transfected cells) and for HO enzyme assay (90% of transfected cells), because a large number of cells were required for preparation of the microsomal fraction. The amount of DNA used was 15 µg for each plasmid. The harvested HeLa cells were used for the western blot analysis ). Anti-α-tubulin antibodies were obtained from Lab Vision (Fremont, CA) and expression level of α-tubulin served as a loading control measure. Anti-Myc antibody (Santa Cruz, CA) was also used to confirm the expression of PFKFB4. The blots were incubated overnight at 4˚C with a respective antibody at a dilution of 1:1000.
Assay for HO catalytic activity
The transfected HeLa cells were used for measuring the HO activity in microsomal preparations (Shibahara et al. 1978) . Each sample (100 μg microsomal proteins) was added to 200 μl of the reaction mixture, which contained 0.1M KPB (pH 7.4), 15 μM hemin, 100 μg/ml bovine serum albumin, and 40 μg recombinant human biliverdin reductase (Sun et al. 2000) . Heme oxygenase activity was expressed as nmole bilirubin/mg protein/h.
Statistical analysis
Data are presented as mean ± standard deviation (s.d.). Comparison between two groups was performed with the Student's t-test. Differences between mean values were considered significant when p < 0.05.
Results and Discussion
PFKFB4 as a potential binding protein for HO-1 and HO-2
To identify the proteins that regulate the function or expression of HO-1 and/or HO-2, we searched for the proteins that interact with both enzymes using the protein microarrays. The probes used were biotinylated HO-1 protein and biotinylated HO-2 protein, each of which lacks a carboxyl-terminal TMD (Fig. 1A, B) . TMD is required for the membrane insertion, but is dispensable for the catalytic function (Yoshida and Sato 1989; Yoshida et al. 1991) . We thus identified several candidate proteins, some of which are listed in Table 1 . Among these candidate proteins, we are particularly interested in PFKFB4, because HO-2 −/− mice manifest hyperglycemia and insulin resistance (Sodhi et al. 2009 ), the phenotype of which suggests the potential involvement of HO-2 in glucose homeostasis. Accordingly, the images of the microarray are shown after probing with biotinylated HO-1 or HO-2 protein (Fig. 1C) . The strong signals were detected on the spots of PFKFB4 with the HO-2 probe, compared to the faint signals with the HO-1 probe. These results suggest that HO-2 may bind PFKFB4 and that the interaction between HO-2 and PFKFB4 may be stronger than that between HO-1 and PFKFB4. PFKFB4 functions as a homodimer through the interaction at the N-terminal (Okar et al. 2001) . The N-terminal half of PFKFB4 functions as a kinase, while the C-terminal half functions as a bisphosphatase. The catalytic activity of PFKFB4 is regulated by phosphorylation and dephsophorylation. In case of the protein microarray, however, PFKFB4 protein was fixed to a glass plate as a monomer tagged with glutathione-S-transferase at the N-terminus. It is therefore conceivable that either HO-1 or HO-2 probe may bind a monomer of PFKFB4 protein. It should be noted that HO-1 and HO-2 are anchored to the endoplasmic reticulum through a respective carboxyl-terminal TMD of about 30 amino acids (Yoshida and Sato 1989; Yoshida et al. 1991) . Accordingly, the amino-terminal large portion of each HO isozyme is present in the cytoplasm (see Fig. 8 ), where PFKFB4 is also present (Yalcin et al. 2009 ).
In vitro interaction between PFKFB4 and HO-1 or HO-2
To confirm the interaction detected on the protein microarray between PFKFB4 and HO-1 or HO-2, we carried out immunoprecipitation assays by expressing Myctagged PFKFB4 and V5-tagged full-length HO-1 or HO-2 in COS7 monkey kidney cells (Fig. 2A) . The input of the Myc-tagged PFKFB4 protein was detected with anti-Myc antibody in the samples of cell extracts, indicating the successful expression of PFKFB4 protein in transfected cells. PFKFB4 protein that was co-precipitated with HO-1 or HO-2 protein was then detected with anti-Myc antibody, whereas only faint band of background was detected in the whole cell extracts prepared from COS7 cells transfected with empty vector (Fig. 2A) . The V5-tagged HO-1 and HO-2 proteins were detected with anti-V5 antibody in the re-probed membrane, but not in the whole cell extracts prepared from mock transfected cells.
We next performed pull-down assays with hexa-histidine to further verify the interaction between PFKFB4 and HO-1 or HO-2 (Fig. 2B) . The whole cell extracts of COS7 cells, which express HA-tagged PFKFB4 protein, were incubated with the Ni 2+ resin that was bound by the hexahistidine-tagged HO-1 or HO-2 protein lacking TMD. Subsequently, the hexa-histidine-tagged HO-1 or HO-2 protein was eluted from the Ni 2+ resin. PFKFB4 protein was eluted together with HO-1 or HO-2 protein, but PFKFB4 protein was not eluted in the case of empty vector. All these results support the in vitro interaction between PFKFB4 and HO-1 or HO-2.
We also confirmed the colocalization of tagged HO-1 or HO-2 with tagged PFKFB4 in COS7 cells (data not shown) and the interaction between HO-2 and PFKFB4 by mammalian two-hybrid assays (data not shown). However, we were unable to confirm the interaction between the endogenous proteins. We therefore performed various series of experiments to explore the regulatory link between PFKFB4 and HO-1 or HO-2.
The liver-specific regulation of HO-1 expression in the HO-2 −/− mouse We initially analyzed the expression of PFKFB4 and HO-1 proteins in HO-2 −/− mice that manifest hyperglycemia and insulin resistance (Sodhi et al. 2009 ). We confirmed that the average body weight of male HO-2 −/− mice at age of 12 weeks was heavier (29.35 ± 1.86 g) than that of agematched male wild-type mice (26.80 ± 1.59 g; p < 0.01). Thus, HO-2 −/− mice are obese, as reported by Sodhi et al. (2009) .
It is noteworthy that male HO-2 −/− mice show the decrease in mating behavior and impaired ejaculation (Burnett et al. 1998) . Moreover, among the four PFKFB isozymes, only PFKFB4 is expressed in haploid spermatids (Gómez et al. 2009 ), in which HO-2 is abundantly expressed (Ewing and Maines 1995; Adachi et al. 2004) . Considering the role of PFKFB4 in cell survival (Jeon et al. 2011; Goidts et al. 2012; Ros et al. 2012) , we postulate that PFKFB4 may be responsible for the survival of haploid spermatids. In addition, the expression levels of HO-1 protein were higher in the testis and lower in the liver of HO-2 −/− mice, compared to the levels in respective organs of the wild-type mouse (Han et al. 2009 (Han et al. , 2010 . Accordingly, we analyzed the expression level of PFKFB4 protein in the testis that depends on glycolysis (Nakamura et al. 1982 ) and the liver that is able to release glucose. By Western blot analysis, we confirmed the identity of HO-2 −/− mice (Fig. 3A) , as judged by the undetectable level of HO-2 protein in the HO-2 −/− testis. In contrast, expression of HO-1 protein was increased in the HO-2 −/− testis (Fig. 3A) , as previously reported (Han et al. 2009 ). Importantly, there was no significant difference in the relative expression levels of PFKFB4 protein in the testis of HO-2 −/− vs. wild type mice. The higher expression level of HO-1 in the testis may compensate for HO-2 deficiency, thereby maintaining homeostasis of spermatids. In fact, despite an increase in overall body weight in HO-2 −/− mice, there was no significant difference in the testis weight between HO-2 −/− mice and wild-type mice (0.192 ± 0.011 g vs. 0.205 ± 0.162 g). Taken together, we hypothesize that PFKFB4 may ensure the HO-2 expression in spermatids under physiological conditions and the HO-1 expression in the HO-2 −/− mouse testis.
In distinction to the testis, the expression level of HO-1 protein was lower in the liver of the HO-2 −/− mouse (Fig. 3B) , as reported previously (Han et al. 2010) . Again, there was no significant difference in the PFKFB4 expression levels in the livers of HO-2 −/− and wild type mice (Fig.  3B) , which is supported in part by a recent report that hepatic cancer cells require PFKFB4 for their survival (Jeon et al. 2011) . It should be noted that the liver is characterized by its capacity to synthesize and release glucose due to the presence of glucose-6-phosphatase in the hepatocyte (see Fig. 8) . The lower expression level of HO-1 in liver in compensation for HO-2 deficiency may be a beneficial response for maintaining glucose homeostasis in HO-2 −/− mice that have developed hyperglycemia and insulin resis- tance. In this connection, heme is known to exert inhibitory effects on gluconeogenesis by down-regulating the expression of glucose-6-phosphatase (see Fig. 8 ) and phosphoenolpyruvate carboxykinase (Yin et al. 2007 ). The latter enzyme catalyzes the formation of phosphoenolpyruvate from oxaloacetate at the second step of gluconeogenesis. We postulate that the lower HO-1 expression level may lead to an accumulation of heme in hepatocytes, which in turn reduces the rate of gluconeogenesis that might have been enhanced in the HO-2 −/− mouse liver, as with in diabetic patients (Meyer et al. 1998) . Moreover, the down-regulation of HO-1 may decrease NADPH consumption, because heme catabolism consumes both molecular oxygen and NADPH (Tenhunen et al. 1968; Yoshida and Kikuchi 1978) . NADPH is also used for regeneration of reduced glutathione that reacts with hydrogen peroxide and organic peroxides (reactive oxygen species). Thus, the distinct expression patterns of HO-1 in liver and testis of the HO-2 −/− mouse may reflect the adaptive responses that are beneficial for survival of the HO-2 −/− mouse. In conclusion, liver metabolic features account for the inter-tissue differences in the HO-1 gene regulation.
Down-regulation of PFKFB4 in HepG2 hepatoma cells occurs concurrently with HO-1 induction under glucose deprivation conditions
To explore the regulatory link between glycolysis and heme catabolism, we analyzed short-term effects of glucose deprivation on the expression levels of PFKFB4, HO-1 and HO-2 mRNAs and proteins in HepG2 human hepatoma cells. Importantly, HepG2 cells retain the differentiated phenotype of the hepatocyte, as judged from the expression of glucokinase and glucose transporter 2 (Higuchi et al. 2011 ) (see Fig. 8 ) and a lack of ketone body utilization (Orii et al. 2008) . Glucose deprivation from the culture medium may mimic hypoglycemic conditions, encountered in patients with diabetes mellitus, especially those treated with insulin. HepG2 cells are maintained in the high-glucose medium (25 mM glucose); the normal plasma glucose levels are between 3.3 and 8.3 mM. Importantly, glucose deprivation induced HO-1 expression in HepG2 cells by enhancing its transcription, with the highest mRNA level achieved after 12 h (Chang et al. 2002) , and heme inhibited gluconeogenesis in HepG2 cells (Yin et al. 2007 ).
For the above stated reasons, HepG2 cells were incubated for 12 h under glucose deprivation conditions (Fig.  4A, B) . As expected, the expression levels of HO-1 mRNA Fig. 3 . Expression levels of PFKFB4 and HO-1 proteins in testis and liver of HO-2 −/− mouse. The tissue extracts were prepared from the testes (A) and livers (B) of age-matched wild-type mice (10 weeks) and HO-2 −/− mice (n = 3 for each group of mice), and were subjected to Western blot analysis. The data shown are derived from three animals (each animal/lane). Lane PC contained the whole cell extracts prepared from HepG2 cells that coexpressed HO-2 and PFKFB4 cDNAs as a positive control (see Fig. 5B) . The relative expression level of HO-1 protein, normalized with β-actin, was increased in testis and decreased in liver of HO −/− mouse, as reported previously (Han et al. 2009 (Han et al. , 2010 . In contrast, there was no significant difference in the relative expression levels of PFKFB4 protein in the testis and liver of the wild type mouse and HO −/− mouse.
and protein were increased in HepG2 cells at 2.5 mM glucose and were increased further with increasing severity of glucose deprivation (≤ 1 mM), compared to the levels under the glucose-enriched conditions (5.5-25 mM). The plasma glucose concentration of 2.5 mM is defined as hypoglycemia that causes hypoglycemic symptoms (Cryer 2008) . In contrast to HO-1, the expression levels of PFKFB4 mRNA and protein were decreased in HepG2 cells cultured for 12 h under glucose deprivation (≤ 2.5 mM). It should be noted that the expression level of HO-2 protein remained unchanged (Fig. 4B) , although its mRNA level was decreased under glucose deprivation (≤ 1 mM). Thus, HO-2 protein seemed to be stable at least for 12 h under the conditions used. Moreover, the expression level of β-actin protein remained unchanged (Fig. 4B) . Importantly, there was no noticeable change in the expression level of mRNA for ALAS-N, the first and the rate-limiting enzyme in heme biosynthetic pathway (Furuyama et al. 2007) (Fig. 4A) . Thus, heme catabolism may be a major determinant of cellular heme contents in HepG2 cells under glucose deprivation. In summary, under glucose deprivation conditions, PFKFB4 expression in HepG2 cells was reduced concurrently with an induction of HO-1 expression. The remarkable induction of HO-1 expression may cause a reduction in the cellular heme concentration, which in turn increases the rate of gluconeogenesis (Yin et al. 2007 ). The inversely regulated expression of PFKFB4 and HO-1 may be beneficial for survival of HepG2 cells. In striking contrast, the expression level of HO-2 mRNA in HepG2 cells was decreased under glucose deprivation in parallel with PFKFB4 mRNA, but HO-2 protein level remained unchanged during the 12-h glucose deprivation. Thus, HO-2 may also contribute to the reduction of the cellular heme level.
Knockdown of HO-2 expression in HepG2 cells causes down-regulation of PFKFB4 mRNA expression
The expression levels of PFKFB4 and HO-2 mRNAs were concurrently decreased in HepG2 cells under glucose deprivation, while HO-1 mRNA expression was remarkably induced (Fig. 4A) . We therefore analyzed short-term consequences of HO-2 knockdown in HepG2 cells (Fig. 5A) , because the knockdown of HO-2 mRNA with HO-2 siRNA (siHO-2) caused a profound decrease in HO-2 protein concurrent with an increase in the expression of HO-1 mRNA and protein in HepG2 cells . Importantly, the observed induction of HO-1 mRNA expression was in part due to the prolonged half-life of HO-1 mRNA, suggesting that HO-2 may reduce the stability of HO-1 mRNA via a hitherto unknown mechanism . Notably, the knockdown of HO-2 expression with siHO-2 was found to cause a reduction in expression of PFKFB4 mRNA (Fig. 5A) , while the expression of HO-1 mRNA was increased, as reported previously . In contrast, treatment of HepG2 cells with siHO-1 or scramble HO-2 siRNA caused a marginal increase in the expression levels of HO-2 and PFKFB4 mRNAs, when normalized with GAPDH mRNA. Moreover, there appeared marginal increases in the expression levels of PFKFB4 and HO-2 mRNAs with siGAPDH, when normalized with stained 18S rRNA. These results suggest that the expression of HO-2 and PFKFB4 mRNAs in HepG2 cells may be coordinately regulated. Taken together, we postulate that HO-2 may ensure the expression of PFKFB4 mRNA (see Fig. 8 ).
Moreover, the expression levels of HO-1 and PFKFB4 mRNAs are inversely regulated in HepG2 cells, which is similar to their expression profiles under glucose deprivation (see Fig. 4A ).
The down-regulation of PFKFB4 with HO-2 knockdown prompted us to explore a regulatory role of HO-2 in the expression of PFKFB4. Accordingly, we analyzed the effect of HO-2 overexpression on PFKFB4 expression in HepG2 cells by transient co-expression assays (Fig. 5B) . The expression level of β-actin (loading control) showed the similar protein amount in each lane. The expression level of neomycin phosphotransferase (NPT) II was also measured as a control for expression efficiency of introduced vectors, showing the low transfection efficiency with HO-2 overexpression (lane 1 vs. lanes 5 and 6). Importantly, the expression levels of endogenous HO-1 and HO-2 proteins were detected in HepG2 cells (lane 1), but they remained unchanged in cells overexpressing PFKFB4 (lane 2), probably due to the low transfection efficiency. In contrast to the detection of endogenous HO-1 and HO-2, endogenous PFKFB4 was undetectable in this series of experiments (lanes 1, 3 and 5), although we detected endogenous PFKFB4 in HepG2 cells (see Especially, HO-2 overexpression caused greater increases in the co-expressed PFKFB4 protein level, compared to HO-1 overexpression, when normalized with NPT II protein. Taken together with the consequences of HO-2 knockdown (Fig. 5A) , we suggest that HO-2 and PFKFB4 may mutually support each expression.
Over-expression of HO-2 increases the co-expressed PFKFB4 protein
To obtain further evidence for the mutually supportive interrelationship between PFKFB4 and HO-2, we repeated the transient co-expression assays using HeLa human cervical cancer cells that are characterized by the low expression levels of endogenous HO-1 and HO-2 (Shibahara et al. 1993; Zhang et al. 2006) . HeLa cells thus provide a better assay system to detect marginal effects of HO-1 or HO-2 on PFKFB4 expression. In fact, the expression of endogenous HO-1, HO-2, and PFKFB4 proteins was undetectable in the HeLa cells transfected with a control vector and an empty vector (Fig. 6A) . Importantly, the expression levels of NPT II protein (control for expression efficiency of introduced vectors) were similar in all samples, indicating that the transfection efficiency was relatively constant in transfected HeLa cells, irrespective of the vector combinations. Likewise, the expression levels of α-tubulin (loading control) were similar in all samples. The expression level of c-Myc-tagged PFKFB4 protein was higher in cells cotransfected with HO-2 expression vector than the level in cells co-expressing HO-1, as judged with anti-PFKFB4 antibody and with anti-Myc antibody (Fig. 6A) . Importantly, HO-1 overexpression did not influence the level of co-expressed PFKFB4 protein. Thus, HO-2 overexpression increased the level of co-expressed PFKFB4 protein, suggesting that HO-2 may increase the stability of PFKFB4 protein (see Fig. 8 ). Alternatively, considering the downregulation of PFKFB4 mRNA with HO-2 knockdown (Fig.  4A) , we suggest that HO-2 may stabilize PFKFB4 mRNA. In this connection, the knockdown of HO-2 expression led to the prolongation of the half-life of HO-1 mRNA in HeLa cells . Lastly, we must consider another possibility that exogenous HO-2 may activate the CMV promoter that directs the expression of PFKFB4.
On the other hand, the expression level of HO-1 or HO-2 protein was higher in the HeLa cells co-transfected with the Myc-PFKFB4 vector than the level obtained with the empty vector (Fig. 6A) , suggesting that overexpression of PFKFB4 may increase the levels of HO-1 and HO-2 proteins. We therefore measured the HO activity in the microsomal fraction of transfected HeLa cells. The HO activity was undetectable in HeLa cells cotransfected with a control vector and an empty vector or the Myc-PFKFB4 expression vector (Fig. 6B) . The HO activity was detected in cells transfected with HO-1 or HO-2 expression vector, the activity of which was further enhanced (about twofold increase) when co-expressed with PFKFB4. Thus, PFKFB4 may increase the expression of HO-1 and HO-2 proteins at endoplasmic reticulum. The magnitude of the PFKFB4-mediated increase in the HO activity was lower than that of the increase in HO immunoreactive protein (Fig. 6A vs. B) . Such a difference may be in part due to the assay method; namely, a portion of bilirubin formed might be oxidized to biliverdin during the incubation of the reaction mixture (Baranano et al. 2002) . Apparently, overexpression of PFKFB4 was associated with increased expression levels of HO-1 and HO-2 proteins. Taken together, these results suggest that PFKFB4 may stabilize HO-1 and HO-2 mRNAs or proteins. Such a regulatory interrelationship may also account for the abundant expression levels of PFKFB4 and HO-2 proteins in the mouse testis and those of PFKFB4 and HO-1 proteins in the HO-2 −/− mouse testis (see Fig. 3A ). However, another possibility remains that c-Myc-tagged PFKFB4 may activate the CMV promoter that directs the expression of HO-1 and HO-2.
Down-regulation of HO-1, HO-2, and PFKFB4 mRNA expression in RPE cells under glucose deprivation conditions
To explore the metabolic implications for the glucosedeprivation-induced changes in the expression levels of PFKFB4, HO-1, and HO-2 as observed in HepG2 cells, we repeated similar experiments using human RPE cell lines as a representative model for glycolysis-dependent tissues. In fact, the retinal pigment epithelium is of the neuroectodermal origin and may depend on glycolysis, unlike the hepatocyte that is able to produce and release glucose. In addition, the retinal pigment epithelium constitutes the bloodretinal barrier that is important for survival of the photoreceptors (Davis et al. 1995; Dunn et al. 1996) . Diabetes mellitus is well known to cause retinopathy that may be associated with impairment in RPE function as the blood-retinal barrier. We used D407 human RPE cells to analyze the effect of glucose deprivation on the expression levels of PFKFB4, HO-1, and HO-2 mRNAs. The expression levels of PFKFB4, HO-1, and HO-2 mRNAs were decreased in D407 RPE cells under glucose deprivation (0.5 to 2.5 mM), compared to the levels with normal or higher glucose concentrations (5.5 to 25 mM) (Fig. 7A) . The increased expression of HO-1 mRNA at the glucose concentrations of ≤ 0.1 mM may represent the stress response to unrealistic glucose deficiency. In fact, expression of HO-1 was increased in D407 RPE cells as well as in ARPE-19 human RPE cells in response to environmental derangements (Kuesap et al. 2008; Satarug et al. 2008) . Moreover, there was no noticeable change in the expression level of ALAS-N mRNA. Thus, the expression levels of PFKFB4, HO-1 and HO-2 mRNAs were coordinately decreased in D407 RPE cells under glucose deprivation. Importantly, the decreased expression of HO-1 mRNA in D407 cells at low glucose concentrations (0.5 to 2.5 mM) is in contrast to the induction of HO-1 mRNA expression observed in HepG2 cells (Fig. 7A) . We also confirmed that the expression levels of PFKFB4 and HO-1 mRNAs were decreased in ARPE-19 RPE cells under glucose deprivation (Fig. 7B) . Likewise, there was a marginal decrease in the expression level of ALAS-N mRNA in ARPE-19 cells, but not in D407 cells. These results suggest that the rate of glycolysis in RPE cells may be decreased in parallel with the rate of heme catabolism under glucose deprivation conditions. The decreases in the rates of glycolysis and heme catabolism may be beneficial for the survival of RPE cells under glucose deprivation. In fact, the down-regulation of HO-1 and HO-2 may decrease the consumption of NADPH (Fig. 8 ).
There are several limitations in the present study. Our proposal on the role of HO-2 in the regulation of glucose metabolism is mainly based on the analysis of gene expression, without measuring the rate of glycolysis or gluconeogenesis. In fact, the observed changes in mRNA and/or protein expression may not reflect the changes in a given enzyme activity. Further studies are required to address these issues.
Concluding remarks
The hepatocyte plays an essential role in the maintenance of the glucose homeostasis by synthesizing glucose and releasing it into the circulation (Cryer 2008) . These metabolic features may account for a decrease in hepatic expression of HO-1 protein in the HO-2 −/− mouse, unlike the increased HO-1 levels in the testis and the heart (Han et al. 2009 ). Moreover, in HepG2 cells, the expression levels of PFKFB4 mRNA and protein were decreased under glucose deprivation, in which HO-1 expression was induced. Thus, glucose deprivation may blunt the rate of glycolysis while increasing the rate of heme catabolism in the HepG2 cells. In RPE cells, however, expression levels of PFKFB4, HO-1 and HO-2 mRNAs were decreased under glucose deprivation, suggesting that the rates of glycolysis and heme catabolism in RPE cells may be decreased in a coordinated manner, when glucose supply is limited. In addition, we have provided evidence that HO-2 may ensure the expression of PFKFB4. The present study thus suggests an existence of a regulatory network that maintains an appropriate balance between heme catabolism and glycolysis to meet the metabolic and physiologic function of a particular tissue.
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